Nahum LA, Goswami S, Serres MH. Protein families reflect the metabolic diversity of organisms and provide support for functional prediction. Physiol Genomics 38: 250 -260, 2009. First published June 2, 2009 doi:10.1152/physiolgenomics.90244.2008.-Comparative genomics has shown that protein families vary significantly within and across organisms in both number and functional composition. In the present work, we tested how the diversity at the family level reflects biological differences among organisms and contributes to their unique characteristics. For this purpose, we collected sequence-similar proteins of three selected families from model bacteria: Escherichia coli, Bacillus subtilis, and Pseudomonas aeruginosa. Protein relationships were identified using a phylogenomic approach to connect the functional diversity of enzymes to the metabolic capabilities of these organisms. All protein families studied have distinct functional compositions across the selected bacteria as supported by our Bayesian analysis. Some conserved functional features among family members included a shared reaction mechanism, cofactor usage, and/or ligand specificity. Many observations of the presence/absence of protein functions matched current knowledge of the physiology and biochemistry of the bacteria. In some cases, new functional predictions were made to family members previously uncharacterized. We believe that genome comparisons at the protein family level would also be useful in predicting metabolic diversity for organisms that are relatively unknown or currently uncultured in the laboratory.
phylogenomics; protein family; metabolic enzymes; microbial diversity THE EXISTENCE of sets of sequence-similar genes and gene products within organisms was noted long before completely sequenced genomes were available. Members of such families are believed to have originated from a common ancestor and have diverged over time and across lineages through multiple evolutionary processes. Gene duplication followed by divergence is a frequent course by which functional and genomic innovation has occurred, as shown by many independent studies (35, 48, 51, 55) .
With whole genome sequence analysis, it has become clear that the repertoire of protein families varies significantly both within organisms as well as across diverse organisms as a result of different rates and modes of evolution (23, 55) . Families vary in size, composition, and relatedness of their members. Through our previous work on the Escherichia coli genome, we have detected protein families ranging in size from 2 to 92 members (28, 46) . The largest families consist of transporters, regulators, and commonly occurring enzyme subunits such as the electron-transferring FeS subunits of many oxidoreductases. A similar pattern has been seen for other organisms as well (45) . Degrees of similarity among protein family members, whether at the sequence, structure, or functional levels, vary depending on each family studied. Some families contain closely related members (i.e., aminotransferases), whereas others contain highly divergent members (i.e., short-chain dehydrogenase-reductase epimerases and dehydratases) (28) .
While the availability of sequence data of hundreds of organisms offers an extraordinary resource for comparative analysis, the challenge of effectively connecting genomic information to phenotypic diversity remains challenging (55) . By working at the protein family level, we aimed to illustrate such connections. Our major question was how the composition of protein families can reflect the metabolic diversity and capability of organisms with respect to the use of different compounds and chemistries of life. We used phylogenomics as a framework to perform sequence analysis, tree reconstruction, and tree annotation based on published experimental work (14, 34) . With the use of this approach, we aimed to identify relationships within protein families and infer the functional divergence of enzymes connecting genomic information to the metabolic diversity of organisms.
In our work, we studied the metabolic diversity of members of protein families across three mesophilic mobile bacteria of distinct taxonomic groups: E. coli, Bacillus subtilis, and Pseudomonas aeruginosa. The three organisms also display distinct physiology and ecology. E. coli and B. subtilis are facultative anaerobes living in the human intestine and terrestrial (soil) habitats, respectively, whereas P. aeruginosa has adapted to free-living and pathogenic lifestyles, being an opportunistic pathogen of immunocompromised patients with cystic fibrosis, acquired immune deficiency syndrome, or cancer. In addition to displaying a diverse ecophysiology, these organisms have been extensively studied over the past several decade leading to a large body of experimental work, which is the basis for framework.
Three protein families were selected for this study, including class III pyridoxal phosphate (PLP)-dependent aminotransferases, thiamine diphosphate (ThDP)-dependent 2-oxo acid decarboxylases, and enoyl-CoA enzymes (crotonase-like fam-ily). Members of these families play roles in key metabolic pathways with ecological, biomedical, and biotechnological implications and have been functionally characterized in several organisms (1, 17, 18) . Together, these families represent excellent models to investigate the metabolic diversity of enzyme functions across organisms.
Our results showed that the three protein families displayed distinct scenarios. The number of family members, their functional characteristics, and relatedness differed for each family and each bacterium. Conserved features for the PLP-dependent aminotransferases and for the ThDP-dependent decarboxylases included the reaction mechanism, cofactor use, and substrate specificity. For the group of enoyl-CoA enzymes, there was no cofactor requirement in addition to diversity in the set of reactions catalyzed. As a result, a more complex picture was shown for the members of this group. Ultimately, our work aims to contribute to the understanding of functional diversity of proteins in contemporary organisms and to create a framework for analyzing protein sequences from recently discovered organisms, many of which remain uncultured in the laboratory.
MATERIALS AND METHODS

Selection of Sequence-Similar Proteins
Three bacteria were selected for our analysis: E. coli K-12 substrain MG1655 (GenBank: U00096), B. subtilis subtilis strain 168 (RefSeq: NC_000964), and P. aeruginosa strain PAO1 (RefSeq: AE004091). Whole proteome sequences translated from each complete genome were retrieved from the National Center for Biotechnology Information (NCBI) database (ftp://ftp.ncbi.nih.gov). Pairwise sequence alignments and scores of proteins from the three organisms were obtained using the AllAllDb program of Darwin (Data Analysis and Retrieval With Indexed Nucleotide/peptide sequence package, version 2.0) (19) with pairwise distances estimated as point accepted mutations (PAM) (43) . An initial global alignment was generated in Darwin by dynamic programming (Smith and Waterman algorithm) followed by dynamic local alignments (Needleman and Wunsch algorithm) using a single scoring matrix. The scoring matrix was then adjusted to fit the approximate distance between each pair of proteins to obtain the minimum PAM value possible. By applying scoring matrixes according to the distance between each protein pair, Darwin ensures highly accurate similarity calculations expressed as PAM scores for closely and distantly related proteins. A detailed description of an application of this approach has been previously described (47) .
Groups of sequence-similar proteins from E. coli were generated as previously described (46) . In brief, fused or multimodular proteins were first identified based on the Darwin pairwise data and literature search and manually separated into modules of independent function. Modules with a sequence similarity of PAM Յ 250 over 40% of their sequence length were grouped by a transitive grouping process.
Three enzyme families, PLP-aminotransferases, ThDP-decarboxylases, and enoyl-CoA enzymes, were chosen based on the metabolic relevance of their family members. B. subtilis and P. aeruginosa homologs to the E. coli family members were identified from the Darwin pairwise data (PAM Յ 250 over 40% of the sequence length). B. subtilis and P. aeruginosa proteins were further used to query the Darwin pairwise data for additional matches in these two organisms possibly not identified when querying with the E. coli proteins. Family memberships were confirmed by domain assignments according to the Pfam (16) and SUPERFAMILY (60) databases, which group proteins with similarity at the sequence and structural levels, respectively. By combining data from Darwin, Pfam, and SUPERFAMILY, we were able to detect and filter out the false positives in the distinct datasets, mainly due to the thresholds applied in the Darwin analysis that allow for the detection of distantly related proteins. We removed 3, 4, and 11 false positives from the final datasets of PLP-aminotransferases, ThDP-decarboxylases, and enoyl-CoA enzymes, respectively. Darwin pairwise data for the selected dataset can be found in the Supplemental Material (Suppl. Table S1 ). 1 
Alignments and Trees
Amino acid sequences in FASTA format were aligned and manually adjusted using ClustalX (52) . Whole amino acid sequences were used in the alignments of PLP-aminotransferases and ThDP-decarboxylases. In the case of multimodular enoyl-CoA enzymes (Fad proteins), only the module corresponding to the relevant function was used (see Table 3 for module limits). The final alignments of PLPaminotransferases, ThDP-decarboxylases, and enoyl-CoA enzymes (crotonase-like family) comprised 532, 697, and 369 sites, respectively. We performed a Bayesian inference with the Markov chain Monte Carlo (MCMC) sampling method using a parallel implementation of MrBayes (version 3.1) (40) . MCMC analyses were run as four chains (one cold and three heated chains) for 10 million generations sampled every 100 generations, with 25% of the initial samples discarded as "burn-in." We applied mixed models as a parameter of the likelihood model in our analyses. The best-fit models of amino acid substitution for the protein families analyzed here were the WAG model (58) for PLP-aminotransferases and ThDP-decarboxylases and the BLOSUM 62 model (22) 
Protein Function Descriptions
Information on enzymes was collected from the literature and is referenced in Suppl. Table S2 . Data were also retrieved from several databases, including organism-specific databases such as GenProtEC (44) , EchoBASE (33), SubtiList (25) , and PseudoCAP (61) . In some cases, synonyms for enzyme names were used to promote consistency. Biochemical information on metabolic pathways, reactions, cofactors, and prosthetic groups was extracted from EcoCyc (24) , MetaCyc (9) , and BRENDA (3). The Enzyme Commission (EC) numbers, assigned based on the recommendations of the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (57), were collected from the online database (http://www.chem.qmul.ac.uk/iubmb/enzyme/).
RESULTS AND DISCUSSION
Comparative analyses have revealed a great deal of diversity within and across organisms with respect to size and functional composition of gene/protein families. The rationale of the present work is that similarities and differences at the protein family level may reflect metabolic capabilities of organisms and also provide a foundation for predicting functions of previously uncharacterized proteins. To illustrate this, we grouped together enzymes from three families encoded in E. coli, B. subtilis, and P. aeruginosa genomes with the aim of illustrating the metabolic diversity among these organisms, as reflected by functional commonalities and differences of the family members. Family membership was identified primarily based on sequence similarity and included 28 PLP-aminotransferases, 22 ThDP-decarboxylases, and 31 enoyl-CoA enzymes (crotonase-like family) (Tables 1-3 ). Detailed information on the members, reactions, pathways, ligand specificity, and literature references is provided as Supplementary Material (Suppl . Table S2 ). To infer the relationships of enzymes within the families, we generated amino acid sequence alignments and built protein family trees using a Bayesian method (Figs. 1-3 ). Literature-based functional information was used to assign metabolic roles to well-supported clusters of proteins in each family tree (Figs. 1-3 ). The clusters were used as a framework for comparing the three organisms and for predicting new functions for some of the members. Each enzyme family is discussed below.
Class III PLP-Dependent Aminotransferases
Family membership and characteristics. The number of PLP-aminotransferases in the three organisms ranged from 7 in E. coli and 8 in B. subtilis to 13 in P. aeruginosa (Table 1 and Suppl. Table S2 ). All of the E. coli enzymes, most of the B. subtilis enzymes, and a few of the P. aeruginosa enzymes have been experimentally characterized. The functions present in each organism varied, and their metabolic participation ranged from the metabolism of amino acids or their derivatives (e.g., ArgD) to the synthesis of cofactors and secondary metabolites (e.g., BioA). Conserved features of these aminotransferases included the use of the PLP cofactor for the amino group transfer and a restricted number of compounds as amino group acceptors, with ␣-ketoglutarate being the most common one (Suppl . Table S2 ). Less conservation was seen in the use of the amino group donor. Variability regarding the substrate specificity of these enzymes has been further corroborated by structural analyses (31) .
Functional relationships. PLP-dependent aminotransferases from E. coli, B. subtilis, and P. aeruginosa with comparable functions and metabolic roles formed well-supported clusters ( Fig. 1) . Some clusters included proteins from all three organisms, i.e., BioA (cluster 3), HemL (cluster 6), and GabT (cluster 2) concurring with their common ability to synthesize biotin, synthesize heme, and degrade 4-aminobutyrate, respectively. HemL catalyzes a unique isomerase-like reaction, which may explain the more divergent relationship between it and the other proteins in the tree. There were two instances of gene duplications giving rise to enzymes with the same activity, i.e., GabT/PuuE (E. coli) and HemL/GsaB (B. subtilis) ( Table 1 and Fig. 1 ). The two aminobutyrases, GabT and PuuE, function in different pathways: 4-aminobutyrate degradation and putrescine degradation, respectively (Suppl. Table S2 ). The absence of PuuE and the putrescine degradation pathway from B. subtilis and P. aeruginosa may reflect differences in their lifestyle. Whether the duplicates HemL and GsaB have separate metabolic roles in B. subtilis is not known. Previous work has shown that a hemL mutant in B. subtilis was able to synthesize Clusters indicate the clusters of proteins according to the family tree shown in Fig. 1 . Ec, Escherichia coli K-12 MG1655; Bs, Bacillus subtilis subtilis 168; Pa, Pseudomonas aeruginosa PAO1; E, proteins experimentally characterized; P, proteins with predicted function. For details, see Suppl. Table S2. heme, possibly due to the presence of an isozyme (20) . While HemL expression is regulated by PerR, it is not known which protein regulates GsaB expression (49) . Interestingly, PerR is encoded very close to GsaB in the B. subtilis genome. The existence of two or more enzymes from the same organism in a cluster (Fig. 1 ) might therefore either reflect the presence of additional pathways or may represent variations to a common pathway in the form of isozymes (Suppl . Table S2 ).
Aminotransferases involved in arginine metabolism showed further divergence (Table 1 and Fig. 1) . In E. coli, ArgD has an additional role in the synthesis of lysine, catalyzing the DapC (EC 2.6.1.17) step in the pathway (21) . The three bacteria encoded either two enzymes for biosynthesis and degradation (E. coli ArgD and AstC), one enzyme with a dual role in biosynthesis and degradation (P. aeruginosa AruC), or one enzyme for biosynthesis only (B. subtilis ArgD). Interestingly, the two E. coli enzymes are, in addition, capable of compensating for one another by using alternate substrates at a lower specificity (27) . The degradation of arginine has taken a different path in B. subtilis and involves proteins encoded by the rocDEF operon. It is noteworthy that RocD of this alternate arginine degradation pathway is also a member of the PLPaminotransferase family. A common feature of arginine metabolism aminotransferases may be their use of ␣-ketoglutarate as an amino group acceptor and/or the use of similar compounds (i.e., acetylornithine, succinylornithine, and succinyldiaminopimelate) as amino group donors (63) .
Some family members were encoded in only one of the bacteria, such as B. subtilis RocD and P. aeruginosa PvdH (Table 1) , and, as expected, did not form clusters with other proteins in the family tree, corroborating their unique functions and metabolic capabilities of the respective organisms (Fig. 1) . One such protein, PvdH, did not have homologs in E. coli and B. subtilis, agreeing with PvdH catalyzing the synthesis of the siderophore pyoverdine in the fluorescent Pseudomonas species (54) .
At a first glance, there are apparent inconsistencies in clustering by function by members of this family (Fig. 1) . For example, the putrescine degradation proteins PuuE and YgjG did not cluster in the protein tree (Fig. 1) . However, these enzymes degrade putrescine by dissimilar pathways and deaminate different compounds: 4-aminobutyrate (PuuE) and putrescine (YgjG) (Suppl . Table S1 ). Furthermore, there were two putrescine aminotransferases in the dataset, YgjG (E. coli) and SpuC (P. aeruginosa), that also did not cluster in the protein tree. Although both enzymes use putrescine as the amino group donor, they differ in their use of amino group acceptors: pyruvate (SpuC) or ␣-ketoglutarate (YgjG) (30) . Together, different placements in the family tree may reflect distinct substrate specificity and perhaps indicate distinct evolutionary histories of family members.
Functional predictions. Model organisms were chosen for this study to increase the likelihood of family members with known functions. Therefore, our comparison of functional similarities and differences relies on experimentally work rather than on sequence-based assignments. Some of the enzymes in this protein family have predicted functions instead of experimentally verified functions, including P. aeruginosa BioA and B. subtilis GsaB. These predictions were corroborated by their relationships in the protein family tree (Fig. 1) . Homologs of biotin biosynthesis genes were present in P. aeruginosa, and biotinylated proteins have been detected in cell extracts, supporting the presence of BioA activity in this organism (5) . Some new predictions are also supported by our analysis. While the function of P. aeruginosa PA0530 is presently unknown, our analysis indicates that this protein is closely related to arginine metabolism proteins. We can therefore speculate that PA0530 participates in amino acid metabolism and uses an acyl derivative of ornithine or diaminopimelate and ␣-ketoglutarate as substrates. A functional link for PA0530 to arginine biosynthesis genes is proposed in the STRING database (49), supporting our prediction.
The proteins in cluster 4, SpuC of P. aeruginosa and the P. putida OapT homolog, both use pyruvate as the amino group acceptor (66) . Whether PA0221, PA4805, and PA5313 also use pyruvate remains to be experimentally tested. Gene neighborhood analyses have shown that two of these proteins, PA0221 and PA4805, are located adjacent to predicted amino acid permeases, implying that they are involved in amino acid degradation. Finally, the relationships between B. subtilis YodT and YhxA inferred in the protein family tree suggest that they carry undiscovered activities that are absent from E. coli and P. aeruginosa. In agreement with this prediction, YodT has been linked to sporulation in a previous gene expression study (15) .
ThDP-Dependent Oxo Acid Decarboxylases
Family membership and characteristics. Similar to PLPaminotransferases, the number of ThDP-decarboxylases in the three organisms ranged from 7 in E. coli and 5 in B. subtilis to 10 in P. aeruginosa ( Table 2 ). Most of the E. coli decarboxylases have been experimentally analyzed as opposed to the ones in B. subtilis and P. aeruginosa, where only three and two proteins, respectively, have been characterized. Despite the apparent differences in the enzyme names and EC numbers, a common feature for all of the members in this family was the use of the cofactor ThDP for the decarboxylation reaction (Suppl . Table S2 ). Previous experimental studies further corroborated our clusters of proteins sharing the use of substrate, cofactor(s), or reaction mechanism (Table 2 and Fig. 2) .
Most of the enzymes require FAD as a second cofactor either to transfer electrons in an oxidative decarboxylation reaction (PoxB) or to maintain their three-dimensional structure (Gcl and Ilvs) (10). MenD does not bind FAD and also Clusters indicate clusters of proteins according to the family tree shown in Fig. 3 . _1, NH2-terminal module of a fused protein: FadB_1 (residues 1-264), FadJ_1 (residues 1-255), and PA1737_1 (residues 1-200); _2, COOH-terminal module of a fused protein: FadN_2 (residues 500-815). For details, see Suppl. Table S2. catalyzes a different carbon-carbon bond formation reaction involving the ␤-carbon of the substrate rather than the ␣-carbon used by the other enzymes in the family (6) . A yet further divergence in cofactor usage was seen for Oxc, which binds ADP at the region correspondent to the FAD binding domain in the other enzymes (4) . The use of ADP as a cofactor may be linked to the ATP level in Oxalobacter formigenes, where it has been experimentally studied. A variety of carboxylic acids are used as substrates by ThDP-decarboxylases (Suppl . Table S2 ).
Functional relationships. ThDP-decarboxylases with similar functions formed well-supported clusters in the protein family tree (Fig. 2) . Some proteins contributed to metabolic properties that are common to all three bacteria. For instance, E. coli and P. aeruginosa PoxB and B. subtilis YdaP are pyruvate oxidation enzymes. E. coli PoxB has been experimentally characterized, whereas the other two enzymes have predicted functions based on their sequence similarity to the E. coli enzyme. A recent phylogenetic analysis of pyruvate oxidases identified two enzyme types, a ubiquinone-dependent enzyme and a Analysis was performed with full-length amino acid sequences using mixed models as implemented in MrBayes with 10 million generations sampled every 100 generations and 4 chains. For details, see Table 1 and Suppl. Table S2. Table 2 and Suppl. Table S2. phosphate-dependent enzyme (41) . E. coli and P. syringae PoxB proteins were found among the ubiquinone-dependent decarboxylases (P. aeruginosa proteins were not included in that study). B. subtilis YdaP clustered with both ubiquinoneand phosphate-dependent enzymes in that study (41) , suggesting that our PoxB cluster contains both enzyme types.
Ilv acetolactate synthases, used for the biosynthesis of the amino acids isoleucine and valine, were present in the three bacteria analyzed here (Table 2 and Fig. 2) . They included B. subtilis IlvB, P. aeruginosa IlvI, and three enzymes from E. coli, IlvB, IlvG, and IlvI. IlvG is not expressed in E. coli K-12 due to a frameshift mutation. However, since IlvG is expressed in most E. coli strains, we decided to include the IlvG sequence of a K-12 mutant whose reading frame and activity had been restored (26) . The three E. coli Ilvs are known to differ in kinetic properties (53) .
Some of the ThDP-decarboxylases were present in only two of the three organisms and formed well-supported clusters. For example, MenD was found in E. coli and B. subtilis, where it is involved in menaquinone biosynthesis. The absence of MenD in P. aeruginosa agrees with the known use of ubiquinone for electron transport by this organism. The observed divergence of MenD relative to the other proteins in the protein family tree may reflect its lack of FAD binding as well as a difference in carbon-carbon bond formation relative to the other members in the group. Allantoin-degrading Gcl proteins are present in E. coli and P. aeruginosa but not in B. subtilis. The latter bacterium uses a distinct allantoin degradation pathway involving enzymes that are not members of the ThDPdecarboxylases family (42) . This is an example of how different proteins involved in different pathways may result in similar metabolic phenotypes.
A Pseudomonas-specific expansion was found for PA1417 and PA4977 (Fig. 2, cluster 5) . Recently, PA4977 was found to encode AtuI, a 2-ketoarginine decarboxylase in a new arginine degradation pathway (65) . Both PA1417 and PA4977 have been shown to be induced by arginine in the absence of the ArgR regulator, conforming with roles for both enzymes in arginine metabolism. Analysis of an aruI mutant revealed residual 2-ketoarginine decarboxylase, which was suggested to be from PA1417 (65) . Our Bayesian analysis supported this prediction.
There are also ThDP-decarboxylases in the dataset that did not cluster with other proteins and therefore are believed to correspond to unique metabolic activities among the three bacteria analyzed here. This was the case for B. subtilis IolD, an enzyme in the iol myo-inositol degradation operon absent from E. coli and P. aeruginosa (Fig. 2) . The molecular function of IolD, predicted based on similarity to Rhizobium leguminosarum (67) , was verified as a 3D-(3,5/4)-trihydroxycyclohexane-1,2-dione hydrolase (Suppl . Table S2 ). Also, the sole MdlC activity of P. aeruginosa agreed with the well-known capability among Pseudomonadales to degrade many aromatic compounds. Oxc, a predicted oxalate-degrading oxalyl-CoA decarboxylase with close similarity to Oxalobacter formigenes (4), was shown as unique to E. coli in the family tree. While B. subtilis also degrades oxalate, it does so via OxdC oxalate decarboxylase, a member of the cupin superfamily. These observations illustrate how similar decarboxylation reactions have evolved and specialized to function in distinct metabolic pathways and how they may provide insights into genomic studies. Lack of known functions associated with the remaining unclustered proteins in this family prevents further comparisons and predictions.
Two acetolactate synthases, AlsS and IlvB of B. subtilis, are both members of this protein family. They are more divergent at the amino acid sequence level and were not grouped together in the protein family tree (Fig. 2) . While both enzymes decarboxylate pyruvate, they do so in separate pathways: acetoin formation during fermentative metabolism (AlsS) and amino acid biosynthesis (IlvB). Additional differences include the time of expression (stationary vs. exponential) and subunit (red) , B. subtilis (blue), and P. aeruginosa (green) as inferred by Bayesian analysis. Experimentally characterized proteins are indicated. Well-supported clusters of proteins are also indicated (posterior probability Ն 0.95) and labeled according to their metabolic roles. Analysis was performed with full-length amino acid sequences (except for _1 and _2 modules) using mixed models as implemented in MrBayes with 10 million generations sampled every 100 generations and 4 chains. For details, see Table 3 and Suppl. Table S2. composition (monomer vs. heterodimer) (12) . Hence, the differences shown in the family tree reflect the diversity between the enzymes at the sequence and functional levels.
Functional predictions. The tree information of the ThDPdecarboxylases provides further support for some of the predicted functions, such as for P. aeruginosa Gcl and PoxB and for B. subtilis YdaP (Table 2 and Fig. 2) . P. aeruginosa PA2108 appears to be more closely related to the PoxB proteins and should be tested for pyruvate oxidation activity. Altered expression of the P. aeruginosa family member PA4180 during anaerobic growth (62) and P. aeruginosa family member PA2035 in response to quorum sensing inhibitors (39) suggest that these proteins have physiological roles, and future analysis are needed to understand their metabolic functions.
Enoyl-CoA Enzymes (Crotonase-Like Family)
Family membership and characteristics. Similar to the other two protein families discussed, the number of members in E. coli (7 members) and B. subtilis (7 members) were more comparable than that of P. aeruginosa (17 members), where there was a significant expansion of the family size. Few of these enzymes have been experimentally determined in any of the bacteria studied. Nevertheless, a diverse set of known and predicted activities can be seen among this protein family including epimerases, hydratases (crotonases), isomerases, decarboxylases, and synthases (Table 3 and Suppl. Table S2 ). The evolution and functional divergence of this family has previously been described (13, 18) . Various CoA esters are used as substrates, and a common enolate anion intermediate is formed during the reactions catalyzed by these enzymes. The enolate anion intermediate is stabilized within an oxyanion hole, and this hole embodies the structural and sequence similarity maintained by members of this protein family. Our analysis reflects a great diversity among the three bacteria as well. Most relationships among the family members were not resolved according to the protein family tree (Fig. 3) .
Functional relationships. At first glance, it appears that each bacterium has a unique set of enoyl-CoA proteins (Table 3 and Fig. 3 ) as opposed to the two other protein families, where proteins with similar functions formed well-supported clusters in the family tree. In fact, only a limited number of enoyl-CoA enzymes seem to be closely related to one another in our dataset. One example is MenB from E. coli and B. subtilis, consistent with their common role in menaquinone biosynthesis. The absence of MenB in P. aeruginosa parallels that of MenD (PLP-dependent aminotransferases) and is reflective of the use of ubiquinone for electron transport. According to the protein family tree, P. aeruginosa PA1240 and PA2841 as well as PaaF, PA1629, and PA3591 also seem to be closely related proteins. While PA1240 and PA2841 remain of unknown function, a homolog of PA1629 and PA3591 havs identified in Acinetobacter strain ADP1, which is involved in the ␤-oxidation of straight-chain dicarboxylic acids (37) . Comparative analyses have indicated that the P. aeruginosa genome encodes for two gene clusters with similarity to the Acinetobacter dicarboxylic acid degradation genes (37) .
Fatty acid degradation (Fad) proteins are encoded by fused genes with the enoyl-CoA activity residing in the NH 2 -terminal (FadB_1 and FadJ_1), COOH-terminal (FadN_2), or entire length (YngF) of the protein (Table 3) . While the E. coli and P.
aeruginosa Fad proteins formed a well-supported cluster, the B. subtilis YngF and FadN_2 proteins have distinct placements in the protein family tree (Fig. 3) . It is tempting to speculate whether this sequence divergence might be linked to differences in gene fusion observed for the Fad proteins. Also, E. coli FadB_1 has been shown to catalyze three fatty acid degradation reactions (64), a feature that not has been tested for P. aeruginosa FadB_1. The divergence of E. coli FadB_1 and FadJ_1 seen in the protein tree agrees with known functional differences in regulation (aerobic vs. anaerobic) and substrate specificity (8) . Interestingly, B. subtilis YngF has been predicted to be both a hydroxybutyryl-CoA dehydratase for longchain fatty acid metabolism (15) and a methylcrotonyl-CoA carboxylase for leucine degradation (36) . Neither prediction was supported in our analysis. Since the specific activity not has been determined for B. subtilis YngF and FadN_2, it is not clear whether the sequence divergence is connected to differences in regulation, substrate specificity, or type of reaction.
Several of the enoyl-CoA enzymes in our dataset have functions that are unique to one of the bacteria and therefore are not part of clusters in the protein family tree (Fig. 3) . For example, B. subtilis PksI and PksH synthesize the antibiotic bacillaene (11) . The absence of PksH and PksI homologs in E. coli and P. aeruginosa was supported by bacillaene being a Bacillus-specific secondary metabolite. Likewise, the degradation of phenylalanine by PaaF and PaaG and conversion of succinate to propionate by MmcD occurs only in E. coli and not in B. subtilis and P. aeruginosa, as supported by the protein family tree (Fig. 3) . Another E. coli protein absent from the other bacteria was CaiD for carnitine degradation. While degradation of carnitine not has been reported for B. subtilis, a pathway different from that of E. coli has been documented in P. aeruginosa (2) . Our phylogenomic analysis further suggests that the P. aeruginosa terpene and leucine/isovalerate utilization pathways involving AtuE and LiuC, respectively, are absent from E. coli and B. subtilis. Overall, among the three organisms studied, this family has the most members as well as potential examples of organism-specific molecular functions and pathways.
Functional predictions. Based on the relatedness of the Fad proteins as reflected in the protein family tree, one could predict that P. aeruginosa PA1737_1 potentially plays a role in fatty acid degradation (Fig. 3) . Furthermore, a 3-ketoacyl-CoA thiolase, the ␤-subunit of the fatty acid oxidation complex, was located adjacent to PA1737 and the other members of the Fad cluster (Fig. 3, cluster 4) . Additional analysis is required to determine whether PA1737_1 catalyses the three reactions of E. coli FadB and whether it is expressed under aerobic or anaerobic conditions. The protein family tree also suggests that the B. subtilis FadB protein might not be functionally equivalent to the FadB proteins of E. coli and P. aeruginosa. A different protein name from FadB should probably have been used for the B. subtilis protein (32) . Future experimental evidence is needed to verify the function of this protein and understand its placement in the tree.
The large number of unclustered P. aeruginosa family members in the protein tree suggests an organism-specific expansion. Unless the large number of paralogs in this organism have interfered with the tree construction, it is likely that these enoyl-CoA proteins represent novel functions and metabolic capabilities in P. aeruginosa that are absent in E. coli and B. subtilis. It is known that P. aeruginosa encodes unique pathways for the degradation of arginine (65) , and, interestingly, one of the unclustered enoyl-CoA enzymes, PA4980, has been linked to arginine metabolism in gene expression studies. Other potential P. aeruginosa-specific functions include PA1821, a member of the fimL locus required for type IV pili biogenesis and linked to virulence (59) , and PA0744 and PA0745, which are regulated by quorum sensing (56) .
Conclusions
Understanding the metabolic diversity of organisms is important to unveil the biological processes that allow their evolution and adaptation to different environments. One possible assumption is that organisms with similar proteins may have similar metabolic capabilities. However, due to the dynamic mechanisms that shape the evolution of genes and genomes, one can envision other major scenarios involving organisms that have 1) sequence-similar proteins but distinct metabolic capabilities and 2) "missing" or divergent proteins but similar metabolic capabilities. In this context, it becomes crucial to create strategies to improve the interpretation of genomic data and to provide insights for experimental verification, especially when most functional properties of proteins are inferred from molecular sequence data.
The present work illustrates how the analysis of protein families using a phylogenomic approach can help connect genomic information to phenotypic diversity and highlight the metabolic capabilities of organisms. We showed that each protein family has a unique membership in the three selected bacteria as well as different scenarios of relationships among their members. Annotation of evolutionary trees based on database and literature references helped identify functional variants as clusters of proteins, representing the conservation of reaction mechanism, cofactor usage, and/or substrate specificity. Overall, sequence-functional relationships agreed with the current knowledge of some family members (35) .
Other protein family databases may be used in similar analyses, including TIGRFAMS (38) , Phylofact families (7), and HAMAP families (29) . A difference in protein clustering has been observed when using families identified in these databases (Suppl. Table 3 ). For example, the six PLP-aminotransferase clusters (Fig. 1) belong to four separate TIGRFAMs (Suppl. Table 3 ), indicating that the proteins in TIGRFAMs are more functional divergent (less pathway specific) compared with those grouped in our clusters. Compared with the other more commonly used protein family databases (listed above), the Bayesian analysis resulted in an improved resolution where the cluster members shared experimentally verified functions. Hence, our phylogenomic analysis better captures the functional commonalities and differences in protein families.
We were also able to link functional variants to metabolic pathways and hence indicate the metabolic capabilities of organisms. Many examples were found where the presence or absence of a functional variant in organisms agreed with their known metabolic phenotypes (e.g., BioA, MenD, and IolD). Deviations to this pattern were seen where common metabolic phenotypes were encoded by different pathways (e.g., SpuC and YgjG). Also, functional variants represented by more than one protein from one of the organisms corresponded either to metabolic pathway differences (e.g., GabT and PuuE) or represented isozymes in the same pathway (e.g., IlvB, IlvG, and IlvI). The large number of P. aeruginosa sequences seen in all three families is believed to reflect this organism's metabolic flexibility as well as its ability to live in many diverse environments (50) .
In addition to connecting the genotype to the phenotype of selected bacteria, our work also contributes to the testing of some enzyme functions by providing insights into experimental design. We believe that the approach described here should be applied to a large dataset of diverse organisms to capture the many functional variants that exist in the protein families [see Brown et al. (7)]. Such a framework would provide a better support for functional predictions of uncharacterized proteins and for the capture of metabolic diversity of organisms isolated from distinct environments. Improved annotations, molecular functions, and pathways of the protein families are needed (see Suppl. Table S3 ). We also believe that more protein families should be included in similar studies to provide a more complete picture of the metabolic pathways in organisms. In conclusion, our work can be complementary to other approaches such as structural genomics and metabolomics to address questions regarding the metabolic diversity of organisms.
